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AN EMPIRICAL MODEL FOR THE COMPLEX DIELECTRIC 


PERMITTIVITY OF SOILS AS A FUNCTION OF WATER CONTENT 
J. R. Wang and T. J. Schtm^^ge 

ABSTRACT 

The recent measurements on the dielectric properties of soils have shown 
that the variation of dielectric constant with moisture content depends on soil 
types. The observed dielectric constant increases only slowly with moisture 
content up to a transition point. Beyond the transition it increases rapidly with 
moisture content. The moisture value at transition region was found to be hi^er 
for hi^ clay content soils than for sandy soils . Many mixing formulas reported 
in the literature were compared with, and were found incompatible with, the mea- 
sured dielectric variations of soil-water mixtures. A simple empirical model 
was proposed to describe the dielectric behavior of the soil-water mixtures. 

This model employs the mixing of either the dielectric constants or the refrac- 
indices of ice, water, rock and air, and treats the transition moisture value as 
an adjustable parameter. The calculated mixture dielectric constants from the 
model were found to be in reasonable agreement with the measured results over 
the entire moisture range of 0-0. 5 cm^/cm*. The transition moistures derived 
from the model range from 0, 09 to 0. 30 and are strongly correlated with the 
wilting points of the soils estimated from their textures. This relationship 
between transition moisture and wilting point provides a means of estimating 
soil dielectric properties on the basis of texture information. 
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AN EMPIRICAL MODEL FOR THE COMPLEX DIELECTRIC 

PERMITTIVITY OF SOILS AS A FUNCTION OF WATER CONTENT 

1. Introduction 

The measurements of dielectric constants as a function of moisture content 
in soils have been carried out over a wide microwave frequency range in the past 
several years (1, 2, 3, 4, 5, Q, 7, 8, and9). Some of these measurements were made 
for many soil samples with widely different texture structures and thus provided 
systematic studies on the variation of the dielectric constant with soil texture 
(1, 7, and 9). As a result of these studies, two distinct feaUires associated with 
the relation between the soil dielectric constant and moisture content have 
emerged. First, for all soil samples the dielectric constant increases slowly 
with moisture content initially. After reaching a transition moisture value 
(7), the dielectric constant Increases steeply with moisture content. Secondly, 
the transition moisture is found to vary with soil type or texture, being smaller 
for sandy soils than for clayey soils. Because of this variation of the transition 
moisture with soil types, the plots erf the measured dielectric contents versus 
moisture content show differences for soils with different textures. These dif- 
ferences persist whether the moisture content is determined by percent by dry 
weight or by volume basis (9). 

The main objective of this paper is to present a model to represent these 
measured data. Toward this objective, some mixing formulas reported in the 
literature were compared with the measured data and found to be Inadequate in 
describing the dielectric behavior of various soil-water mixtures. Two simple 
empirical ^preaches are therefore proposed to describe the dependence of the 
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measured soil dielectric constants on the moisture content. In the first approach, 
the resultant dielectric constant of a soil-water mixture is expressed in terms 
of the direct mixing oi the dielectric constants of the constituents. In the second 
approach, die complex indices of refraction of the constituents are mixed to give 
the resultant refractive index ol the soil-water mixture. In contrast to the other 
previously reported mixing models, a bi-phase dielectric property for water in 
soils is assumed in both models here. For moisture contents below the transi- 
tion moisture, the water in soils is thought to behave like ice and, consequently, 
the dielectric constant (or refractive index) for ice is used in the mixing, while 
above the transition moisture the dielectric properties of the liquid water are 
used. By varying the values of the transition moisture, both models are found 
to give a reasonably good fit to the measured data for soils with a wide range of 
textures. The transition moisture is observed to be strongly correlated with the 
wilting point of soils. Since the wilting point is related to soil texture (10), the 
observed correlation suggests the possibility of quantifying the measured dielec- 
tric constants according to soil tjrpes. 

The experimental data used in this study were taken from Lundien(l) at 1.41 
GHz, Newton (1977) at 1.4 GHz, and Wang etal (9) at 5 GHz, for the moisture con- 
tents in these reports were given both in percent by dry weight and by volume basis. 

2. The Experimental Data 

The measurements of dielectric constants at ~5 GHz were made for 
four soil samples (9). The measured dielectric constants plotted as a func- 
tion of the volumetric water content (Wq) are presented in Figure 1. The 
results of the dielectric measurements carried out at -v-1.4 GHz for a num- 
ber of soil samples by Newton (7) and by Lundien (1) are displayed in Figure 2 
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and Figure 3 respectively. The textures, types and wilting points of all soils 
measured at these two frequencies were summarized in Table 1. The wilting 
point (WP) <rf soils in percent of dry weight was previously Obtained by Schmugge 
et. al. (10) from a multiple regression of over 100 data sets of soil moisture 
characteristics. The expression for WP in terms of volumetric water content 
(cm^/cm^) was redetermined by the same proce<kre and the result is 

WP - 0.06774 - 0.00064 x SAND + 0.00478 x CLAY (1) 

where CLAY and SAND are the clay and sand contents in percent of dry weight 
of a soil. The WP for each soil in Table 1 was calculated by the above equation, 
knowing the soil texture. 

Each of the curves in Figures 1,2, and 3 was obtained from the smoothing 
of the actually measured data points for a soil sample over the entire moisture 
range of 0-0.5 cm^/cm^. In each of the three figures the soil types could be 
distinguished by the numbers assigned to the curves in accordance with Table 1. 

It is noted from Figure 1 that the measured data at 5 GHz for all four soil sam- 
ples showed a leveling-off of the dielectric constants at high Wg ^0.4 cm^/cm^ 
The I'eason for this leveling-off was discussed in detail by Wang et. al. (9) and 
was most likely due to the leakage of soil water out of the apparatus when Wj. 
was t the porosity (P) of the soil sample. No leveling-off was observed in the 
measured losults at 1.4 GHz shown in Figures 2 and 3. The measured data of 
Lundien were limited to Wg < P, wMle In Newton’s measurements the soil -water 
mixture was placed in a container such that water leakage out of the measurement 
system was not possible. 

The measured data displayed in Figures 1, 2, and 3 clearly indicated two 
distinct regions in the variations of the soil dielectric constant with Wj.. The 
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first region occurs at < W( (transition moisture) where e', the real part of 

the dielectric constant e, increases slowly with Wc. In the second region at 
Wc > Wt, e' increases steeply with Wq. The transition moisture Wt varies with 
soil texture, being larger for the clayey soils than for the sandy soils (1, 7, and 9). 
In the region Wc < Wt, most water molecules are tightly bound to the soil particles. 
Results of many studies (11, and references therein) on soil-water interactions have 
strongly suggested that the first few layers of water molecules around the surface 
of a soil particle form a definite configuration and behave like ice crystals. In 
such a configuration, it is difficult to polarize these waiar molecules and 
the bulk of water shows a smaller dielectric constant than that for the free 
water. The results of the dielectric measurements on soil-water mixtures by 
Hoekstra and Delaney (5) also suggested such a phenomenon. In comparing to 
the dielectric behavior of water in bulk, these authors reported a shift of the 
dielectric relaxation toward lower frequencies for soil -water mixtures with water 
contents of 5% and 10% by dry weight. Since the real part of the dielectric con- 
stant for water, , decreases with frequency near the dielectric relaxation area in 
the microwave region, is expected to be smaller for water in soil than for 
water in bulk. 

By comparing Figuies 1,2, and 3 with Eq. (1), it is evident that Wj and WP 
are closely related. The WP characterizes a stage of Wg in the soil -water sys- 
tem, as briefly sketched in Figure 4, where the soil tension is about 15 atmos- 
pheres. Between VT and field capacity (FQ at soil tension of •'1/3 bar 
water is held in pores by capillary attraction. For Wc > FC, water flows with 
gravity. At Wq < WP, it is difficult for plants extract water from soil. Water 

held at temperatures up to 105 ‘'C is referred to as hygroscopic water (soil tension 
of 31 bars and is virtually part of the mineral structure of the soil. 
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To make a crude estimate on the number of layers of water molecules around 
the soil particles when Wc « Wt (<« WP), the measured remits of Uie H7 sample 
shown in Figure 1 are taken as an example. The W( for this sample is estimated 
from Figure 1 to be'»0.25cm’/cm>, which gives 8.4 X 10^' water molecules per 
cm’. Assuming die area of each water molecule to be 10 ^^* m’(12), the total 
extended area corresponding to is '^8.4 X 10’ m’ per cm’. The total surface 
area of 1 cm of dry H7 soil may be rm^^ly estimated from the report of Rhoades, 
Raats, and Prather (13) in which the surface areas of four soils with different tex- 
ture structures were determined. When the WP's for the four soils were calcu- 
lated from Eq. (1), it was found that soils with larger surface areas were gener- 
ally associated with higher WP's. Their Domino Clay has a WP of 0.19 which is 
close to that of H7 soil sample listed in Table 1. The surface area of H7 soil is 
not likely to be very different from the value of '^78.3 m’/g determined for the 

Domino Clay. Since the dry density of H7 soil was measured to be ~1.23 g/cm’, 
the total surface area per cm’ is in tiie order of ~96 m’. Thus, combining with 
the total extended area of water of 8.4 X 10’ m’/cm’ estimated above, the H7 
soil particles are surrounded by '-8-9 layers of water molecules when W^ » W^ 

2: 0.25 cm’/cm’. This estimate is close to or somewhat smaller than the thick- 
ness of the adsorbed ice-like water determined by many authors (2 and refer- 
ences therein). 

A comparison between Figure 2 and Figure 3 reveals that the Wt *s of the 
soil samples measured by Newton (7) appear to be generally larger than those 
measured by Lundien (1), althoush both measurements were carried out at about 
the same frequency of 1.4 GHz. The measurements of Lundien were made with 
a L band interferometer. On the other hand, the technique employed by Newton 
(14) was similar to the infinite transition line method used in the 5 GHz measure- 
ments (9). The soil samples used in both of these measurements covered a wide 
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texture range. However, the soil samples used in the Newton's measurements 
generally possess a slightly larger WP range than those used in Lundien's meas- 
urements as indicated in Table 1. These slight differences in the WP's are not 
likely to be the main cause for the observed differences in W^'s between the two 
measurements. The two different measurement techniques perhaps are respon- 
sible for the observed differences in the experimented', results. Fortunately, this 
difficulty in the experimental data does not present a serious problem to the main 
objective of this paper. 

3. The Mixing Formulas 

Many mixing formulas have been reported in the literature (15, 16, 17, 18, 

19, 20, 21, 22, and 23) since the early work of Rayleigh (24). Some of these for- 
mulas were examined with the measured data on the mixtures of conducting par- 
ticles in a pure dielectric host (25). Poe, Stogryn and Edgerton (26) also tested 
a few of these formulas with some measured data of soil permittivity-moisture 
variations. However, the data used by Poe et. al. were measured only at a few 
moisture values. As a result, it was difficult to assess whether any of the mix- 
ing formulas they examined had provided an adequate description on the dielectric 
behavior of soil-water mixtures. In recent years, extensive measurement on the 
dielectric properties of soils have been carried out at many frequencies and over 
the wide moisture range of 0-46% by dry weight (7,9, and 27). It Is appropriate 
now to re-examine those mixing formulas and find out if any of them will properly 
describe the variations of the dielectric constants with moisture contents for 
various soils. 

Table 2 gives a list of the mixing formulas considered to be adequate for a 
comparison with the experimental data acquired in recent years. The majority 
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of these formulas dealt only with a mixture of two constituents. They basically 
implied a direct dependence of the mixture dielectric constant e on the dielec- 
tric constants («| and £j) and the volume fractions (f| and fj) of the constituents. 
The formulas of both Wiener and Pearce et. al. contain a free parameter which 
could be adjusted to fit the experimental data. Figure 5 showed the families of 
curves generated by these two formulas with several different values for the 
free parameters. The variations of £ with moisture content as described by 
the remaining eight expressions in Table 2 were shown in Figure 6. In both fig- 
ures the real and imaginary parts of for a dry soH were !;aken to be 3.0 and 
0.01 respectively, which were close to the typical values measured at 1.4 GHz. 

The real and imaginary parts of £] for pure water ti 1.4 FHz were calculated 
to be 79.5 and 6.63 from a set of formulas (T. T. Wilheit, personal communica- 
tion) resulting from the curve fitting to the data of Lane and Saxton (28). The 
measured dielectric constants at 1.4 GHz as a function of the volumetric water 
content for Yuma Sand and Vernon Clay (1) and Miller Clay (7) were also in- 
cluded in both figures for comparison. Only the real parts e' of both the meas- 
ured and the computed dielectric constants appear in the figures. The reasons 
for not comparing the measured and the computed values for the imaginary parts 
e* of the dielectric constants are two fold. First, the measured variations of e* 
with moisture content are small over the entire moisture range of 0-0.6 cm*/cm^. 
The sensitivity of the measured data sets is not good enough to distinguish one 
mixing formula from the other. Secondly, the ionic conductivity might contribute 
significantly to the values of e" for some soil-water mixtures (9). This tends 
to complicate the interpre .ation of the measured data even further as will be 
discussed in the next section. The omission of the comparison between the meas- 
ured and computed £* does not change the outcome of the discussion below. 
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It is clear from Figure 5 that both formulas of Wiener and Pearce et al. do 
not give a good fit to the measured data. Note for example diat the value for the 
crosses starts out below the calculated curves at low soil moisture and goes 
above the curves at high moisture content . Both formulas produces larger slope 
at moisture content Wc S transition moisture Wt and smaller slope at W(< > Wt 
than the measured data showed. Ihus, it is not possible to adjust the free param* 
eters A and B to obtain a good fit over the entire moisture range O-O.Scm^/cm^. 
This general remark applied to any of the measured data curves presented in 
Figures 2 and 3. The same difficulty arises when the comparison is made be- 
tween the computed and the measured e' at 5 GHz. 

Similarly, the calculated variations of e' with from any one of the ei^t 
remaining mixing formulas do not give a good description to the measured results 
as shown in Figure 6. The calculated € from Botcher’s formula matches that 
measured e’ of Miller Clay (Newton, 1977) quite well, but there is no free param- 
eter to adjust for the other soil types. The Brown's formula gives a c' versus 
moisture curve with a steep slope over the entire moisture range of interest. 

The steepness of the slope, with some offset constant, fits nicely with the ob- 
served rapid increase of f' wit*! Wc over the region Wc > Wt. However, the 
difficulty arises regarding the portion Wc $ Wt. The formula Bircbak et al. 
gives a e’ -moisture curve generally close to the measured data points but does 
not produce good fit over the entire moisture range for a given soil. The remain- 
ing formulas of Rayleigh, Bruggeman, Kharadly and Jackson, Nerpin and 
Chudnovskii, and Wagner are clearly not applicable in the soil-water mixture 
where Wc >0.5 cm^/cm^ 

To generate a mixing formula which gives a reasonably good fit to the data 
shown in Figures 1,2, and 3 for various soil types and over the entire moisture 
range of 0-0.5 cm^/cm*, it is necessary to take into account the reduced dielec- 
tric behavior of the Initially adsorbed water. Since the evidence given in the 
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previouf McUoa •un«stt a aimllarity between the first few layers of the ad> 
sorbed water molecules around the soil particles and the ice crystals, the dl- 
electric con^nt of Ice may be used tn <tescrlbe the dielectric behavior of the 
soil-water mixture at Wc ^ W(. Two empirical approaches were proposed in 
the following. The first i^)proach deals with the direct mixing the dielectric 
constants of the constituents. The expressions for the cmnplex dielectric con- 
stants £ of a soil-water mixVoro are given by 


with 

e - W,e*+(P-W^)e,+(1 -P)e,.W, $ W, 

w. 

(2) 

and 


(3) 

with 

« * W,e,+(W,-W,)e^+(P-W,)e. + (1 -P)e„W,>W, 

(4) 


e, « €, + (c„ - £|)7 

(5) 


Here P is the pososity of the dry soil. and £^, in sequential order, 

are the dielectric constants of air, water, rock and ice. stands for the di- 
electric con^ant of the initially adsoibed water. > is a parameter which can 
be chosen to best fit equations (2) and (4) to the experimental data. 

In the second ^;q;>roach, the mixing is done using the iiklices of refraction 
of water, ice, air and rock. The expressions for the mixiiqt are in the same 
forms as Equations (2), (3), (4) and (5), with e, e^, c^, , and replaced by the 

corresponding refractive indices. The numerical values for y were found to 
be different between the two a]:q;>roaches, but those for were generally very 
close for a given soil. Both approaches give a reasonably good fit to the experi- 
mental data and are essentially equivalent for prutical purposes. Thus, only 
the first ai^roach will be discussed in (tetail in tl^ following sections. 
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4. ReiMilts 


Before equations (2) through (5) can be used for calculations of e and com> 
psured with the measured data, the soil porosity and the dielectric constants of all 
the constituents in the soil-water mixture have to be determined. The Porosity 
P of a dry soil is defined by <Brady, 1974) 

p=.-^ (0) 

where pg is the density of the dry soil and Pr Is the density of the associ.ited 
solid reck. For the soil samites used in the dielectric measurements at 5 GHz 
and 1,4 GHz pg lies In the range of 1. 1-1,7 g/cm', while pr varies betw'cen 2.G 
and 2.75 g/cm^(29), and for simplicity is assv ; • ! .o be~2,G5 g/cm^. E'ntering 
the average value of pg for the soil samples in Eq. (G) gives P~ 0. 5, which will 
be used exclusively in tMs paper. It can bo shown that with either P ^ 0.4 or 
P = 0. 6, the calculated dielectr'c constants of a soil-water mbeture differ only 
slightly from the ones with P - 0,5. The dlclectrle constants of ice, andc" , 
are assumed to be <'•3.2 and 0. 1 respectively, and are frequency Inclopondent at 
frequencies >1 GHz (30). c, and e" of air are taken to be I and 0. e* and of 
a solid rock vary (31), but the respective values of 5.5 and 0.2 fits well with the 
experimental value of the dry soils. For water and e“ change with frequency 
in the microwave region (5). They are calculated seixirately at 1.4 GHz and 5 
GHz from the method mentioned in the previous section. Both and e” at 
each frequency are calculated for a number of salinity values (S) in order t'' Ixjst 
fit the calculated e-" to the measured data for various soils. 

With the values of the dielectric constants of each constituent given, the 
real and imaginary parts of t of a soil-w'ater mixture were computed as a 
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function of moisture content Wc from Eqs. (2) throug;t <4). The parameters y 
and W( were varied to obtain the best fit between the computed and the meas- 
ured dielectric constants of the mixture. The values of vary according to 
soil texture. The parameter y is eiqiiected to be independent of soil type. It 
was fcmnd that, for all the eTqierimental data shown in Figures 1, 2, and 3, 
y * 0.2 (> « 0.9 in the refractive iiKiex approach). Comparisons of some the 
observed and computed mixture dielectric constants are shown in Figure 7 for 
the frequency of 1.4 GHz and in Figure 8 for the frequency of 5 GHz. 

The experimental data in Figure 7 are the dame as those shown in Figures 
4 and 5, with the addition of the data for «*, the imaginary part of the observed 
dielectric constant. Both e’ and e" for Yuma Sand in Figure 7 were found 
to compare reasonably well with the computed e' and e" assuming W( = 0.09 
and S = 0. Similarly, the data for Vernon Clay could be fitted by the com- 
puted values using Wt = 0.18 cmycm* with S = 7 PPT. The Observed data 
for the heavier Miller Clay required a = 0.30 cm®/cm® and S = 10 PPT. 
Clearly, at the frequency of 1.4 GHz, the empirical formulas of Eqs. (2), (3), 
(4), and (5) give a much better description of the observed variations of 
dielectric constants with water content than the existing mixing formulas 
listed in Table 2. 

A reasonable agreement at the frequency of 5 GHz was also obtained between 
the observed and computed dielectric constants of soil-water mixtures. The data 
points shown in Figure 8 were the measured results for Harlingen Clay, soil 
samples F2 and H7. The three pairs of curves were calculated from Eqs. (2), (3), 
(4), and (5) with different values for and S; ■ 0.15 cm^/cm^ and S« 0 PPT 


11 


for the solid curves, ■ 0.23 cm^/cm ® and S ■ 3 ppT for the dashed curves, 
and ■ 0.27 cm^/cm^ and S « 0 ppT for the dotted curves. The measured and 
the calculated values of e' for each of three soils generally agreed well over 
the moisture range from 0 to 0.3-0.4 cm^/cm® where the leveling-off of the 
measured e' took place. The calculated and the measured values of e* for 
Harlingen Clay and soil sample H7 were found to be in agreement over the same 
moisture range. However, for soil sample F2, the calculated e" Avas generally 
higher than the measured e* at moisture content ^0.2 cm^/cm^. 

The measured dielectric constants of all the remaining soil samples were 
compared with the calculated values from Eqs. (2) through (5) in the same way. 
The values of and S for each soil, which gave the best fit to the measured 
data, were entered in Table 1 for comparison. Two di, v; ict features are found 
from an examination of the table. First, is observed to vary with soil types, 
being lai’ger for clayey soils than sandy soils. The data definitely show a posi- 
tive correlation between and WP of the soils. Next, the salinity required to give 
the best fit between the observed and the computed dielectric constants varies 
from one soil to another. Generally, clayey soils require higher salinity than 
the sandy soils. This result is further substantiated by the analysis of various 
soils showing that clay soils contain more phosphorus, potassium, and cal- 
cium than sandy soils (29). The experimental results of Rhoades, Raats, and 
Prather (13) also suggest more exchangeable ions for the clayey soils than the 
sandy soils. 

To show the correlation between the transition moisture and wilting point 
more clearly, the values of in Table 1 were plotted as a function of WP in 
Figure 9. A 1:1 line was drawn in the plot for comparison purpose. It is noted 
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that the majority of data points at WP < 0.3 cm^/cm^ fall above the 1:1 line in 
the figure. This suggests that the transition moisture as determined from the 
measured dielectric property is slightly larger than the wilting point moisture 
of a soil defined at the 15-bar moisture tension. Two additional features are 
also observed from this figure. 

First, Wj determined from Newton's (7) data are found to be slightly higher 
than those determined from the other two sources (1,9). This again suggests a 
possible small discrepancy between the two sets of measurements at 1.4 GHz. 
Secondly, the determined at 5 GHz are comparable to those determined at 
1.4 GHz. Within the precision of the measurements, the data displayed in the 
figure are consistent with frequency independence of . Measurements at 
frequencies other than the two reported here are clearly needed in order to 
study a possible frequency dependence of transition moisture. 

Applying a linear regression analysis to the data in Figure 9 gives 

= 0.09 + 0.59 X WP (7) 

with a correlation coefficient of 0.94. The refractive index approach also 
gives the similar dependence of Wt on WP displayed in Figure 9. In both 
approaches, the hi^ correlation coefficient suggests a close relationship 
between the transition moisture and the wilting point of soils. 

5. Discussion 

It was shown in the previous section that a simple model based on the straight 
forward combination of the dielectric constants of ice, water, air and rock was 
capable of describing the observed dielectric behavior of a soil-water mixture 
at both 1.4 GHz and 5 GHz frequencies. The fit to the experimental data by the 
model presented in this paper was far better than that obtained using the mixing 
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formulas listed In Table 2. It is emphasized that most of mixing formulas 
in Table 2 were not derived specifically for describing the dielectric property 
of a soil-water mixture over a wide moisture range of 0-0.5 cm3/cm3, Tlw ice- 
like behavior of the first adsorbed water molecules plays an important role in 
the observed variations of the soil dielectric constants with water content. The 
extent of the ice-like configuration ci the Initially adsorbed water could be ap- 
proximately estimated by Wt knowing the soil texture structure. 

The empirical model discussed in this paper provides a means to estimate 
a soil's dielectric properties from a knowledge of its texture. This relationship 
is important for estimating the brightness temperature Tg of soils in a general 
situation, since dielectric constants have been measured for only a limited num- 
ber of cases. An example of the dependence of Tg on soil texture is given 
below. 

Consider a uniform layer of soil with known moisture characteristics from 
which the wilting point (rf the soil can be derived. The soil layer is further as- 
sumed to be characterized by a uniform temperature of 300°K from the surface 
down to 1 m below. For simplicity, only the constant moisture profiles with 
values Wc ranging from 0.05 cm^/cm^ to 0.40 cm^/cm^ were considered. At the 
frequency of 1.4 GHz and the above moisture values, the contribution of the up- 
welling emission from the medium below 1 m is negligibly small. Under these 
conditions, the brightness temperatures were calculated by a plane stratified 
dielectric model (32) with e' and e" given by eqs. (2) through (5). The results 
are shown in Figure 10 where the brightness temperature is plotted as a 
function of Wt for each moisture content indicated in the figure. The same 
values of the dielectric constants for air, rock, and ice given in the previous 
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section were used. The dielectric constant for fresh water at 1*4 GHz with 
zero salinity value was used in Qe computation. It can be shown that, by 
using moderate values for salinity, the resultant brightness temperature 
is not very different from that calculated using fresh water values. For exam- 
ple, with S = 10 PPT, the calculations resulted in a brightness temperature of 
220. 5°K at = 0.40 cmVcm* and = 0.05 cmVcn^, which is only •'<1°K small- 
er than the corresponding fresh water brightness temperatures shown in Figure 
10. This small difference was also obtained at other values of Wt, but at the 
same Wg, For smaller values of Wg, the difference between the two tempera- 
tures was foimd to be smaller. This reduction in the temperature difference 
due to the changes in salinity at low Wq is expected from the observed variations 
of c" with Wc in Figures 2 and 3. 

Figure 10 demonstrates the improvements in the estimation c£ the bright- 
ness temperature when the soil texture is known. Without the soil texture infor- 
mation, Wj can assume any value between ~ 0.08 cmVcm^ for pure sand and 
~0.34 cm3/cm3 for pure clay (see Figure 9). The corresponding uncertainty in 
the estimate of the brightness temperature at Wc == 0.40 cva?/ cm^ could be as 
large as 30°K. With known soil texture information, the uncertainty in the 
brightness temperature estimate could be reduced. For example, for a soil 
with a wilting point moisture ~0.10 cmVcm^ Wt is found from Figure 9 to be 
0.14 cmVcm^ with a probable error in the estimate of ~0. 04 cm^/cm^. The 
corresponding brightness temperature from Figure 10 is ~ 223°K with an imcer- 
tainty of •^3*K for the soil at W(, = 0.40 cm^/cm^. An uncertainty of 3°K trans- 
lates into a probable error of ~0.02 cm^/cm^ in the moisture estimate. Thus a 
better estimate in the moisture conetnt is possible when the empirical model is 
used. 
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The discussion above applies equally well when the dielectric constants of 
the soil-water mixture are computed by the refractive index approach. The 
uncertainties in the soil moisture estimate from both models can be shown to 
be comparable. 

6. Conclusions 

The available mixing formulas were examined with respect to the measured 
variations of soil dielectric constants with moisture content. It was shown that 
these formulas failed to account for the observed dielectric properties of various 
soil-water mixtures. The main reason for this failure was believed to be due to 
the ice-like behavior of the initially adsorbed w-ater molecules. A simple em- 
pirical model was proposed to describe the observed dielectric constants of soil- 
water mixtures. In this model, the dielectric constant of a soil water mixture 
was computed from the known dielectric constants of air, ice, soil, and water, 
and the volume fraction of each constituent in the mixture. Two approaches were 
attempted for the model. The first approach deals with the direct mixing of the 
dielectric constants, while the second approach, with the mixing of the refractive 
indices of all constituents. Both approaches use the transition moisture as a 
parameter to fit the computed dielectric constants to the observed values for 
various soils. The major conclusions resulted from this study are; 

• The empirical model gives a better description of the dielectric behavior 
of various soil-water mixtures than the previously existing mixing for- 
mulas. The main reason for the success of the model is that it takes 
into account the ice-like property of the initially adsorbed water mole- 
cules. 
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* The transition moistures are found to correlate positively with the 
wilting points of the soils. The correlation coefficient is found to be 

0.9. The dependence the transition moisture on the wiltii^ point 
is about the same at 1.4 GHz and 5 GHz. 

* For the soils studied in this paper, the transition moistures are found 
to be generally higher than the wilting point moistures defined at the 
tension of 15 bars. 

• For some soils the imaginary parts of the measured dielectric constants 
require the ionic conductivity term. The salinity values needed to fit 
the measured data are generally hi^er for the hi^ clay content soils 
than for the sandy soils. 

• The uncertainty in the brightness temperature estimate of a soil-water 
mixture is reduced appreciably when the soil texture effect is included. 
A t3T)ical numerical example given in this paper showed that the pre- 
cision in the brightness temperature estimate could be improved by 
nearly 7 times, takii^ into account the soil texture effect. 
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Figure 1. The dielectric constants versus volumetric water content 
for 4 soils measured at 5 GHz. Soil types were identified by the num- 
bers assigned to the curves in accordance with Table 1 
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Figure 2. The dielectric constants versus volumetric water content 
for 6 soils measured at 1.4 GHz. Soil types were identified by the 
numbers assigned to the curves in accordance with Table 1 
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Figure 3. The dielectric constants versus volumetric water content 
for 12 soils measured at 1.412 GHz. Soil types were identified by 
the numbers assigned to the curves in accordance with Table 1 
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capacity are defined at the tension of 15 bars and 1/3 bar 
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Figure 5. A comparison of the mixing formulas by Wiener and Pearce with the 
dielectric constants of 3 soils as a function of water content 
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Figure 6. A comparison between some mixing formulas reported in the litera- 
ture and the measured dielectric constants of 3 soils as a function of water 
content. Curves are labeled according to Table 2. 
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Figure 7. A comparison between the calculated dielectric constants 
from the empirical model and the measured values at 1.4 GHz 
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Figure 8. A comparison between the calculated dielectric constants 
from the empirical model and the measured values at 5 GHz 
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TRANSITION MOISTURE (cm^/ein^) 



Figure 9. The variations of the transistion moistures derived from the 
model with the wilting points of soils. The solid line was derived from 
linear regression, while the dashed 1:1 line was drawn for comparison. 
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TRANSITION MOISTURE W, (cm^/cm^) 


Figure 10. The calculated soil brightness temperature as a function of 
transition moisture. The uniform moisture profile was assumed and the 
moisture values were indicated on the curves. 




Figure Captions 

Figure 1. The dielectric constants versus volumetric water content for 4 soils 
measured at 5 GHz. Soil types were identified by the numbers assigned to 
the curves in accordance with Table 1 

Figure 2. The dielectric constants versus volumetric water content for 6 soils 
measured at 1.4 GHz. Soil types were identified by the numbers assigned 
to the curves in accordance with Table 1. 

Figure 3. The dielectric constants versus volumetric water content for 12 soils 
measured at 1.412 GHz. Soil types were identified by the numbers assigned 
to the curves in accordance with Table 1. 

Figure 4. The sketch of a typical soil -water system. The wilting point and 
field capacity are defined at the tension of 15 bars and 1/3 bar respectively. 

Figure 5. A comparison of the mixii^ formulas by Wiener and Pearce with 
the measured dielectric constants erf 3 soils as a function of water 
content. 

Figure 6, A comparison between some mixing formulas reported in the litera- 
ture and the measured dielectric constants of 3 soils as a function of water 
content. 

Figure 7. A comparison between the calculated dielectric constants from the 
empirical model and the measured values at 1.4 GHz. 

Figure 8. A comparison between the calculated dielectric constants from the 
empirical model and the measured values at 5 GHz. 


Figure 9. The variaticms of the transition moishires derived from the model 
with the wilting points of soils. The solid line was derived from linear re- 
gression, while the dashed 1:1 line was drawn for comparison. 

Figure 10. The calculated soil brightness temperature as a function of transi- 
tion moisture. The uniform moisture profile was assumed and the moisture 
values were indicated on the curves. 


